Topics below are rather undesired, but important, outcome not yet completed research on the aircraft airfoils, turbine and compressor blades, parametric design of airfoils, establishing the relationships based on the results of experiments in a wind tunnel, developing databases for determining the relationships between airfoil parameters and lift and drag coefficients. Reliable database created as a result of the research work allows to simulate the wind tunnel. Very early on, however, was necessary to extend the developed specialized software for a new applications, and it meant the need for generalization of software, e.g. for gas turbine engines, propellers, etc. But after some time it turned out, that in order to achieve the required accuracy, the changes are needed in the underlying assumptions, set decades ago. In addition, coordinate measuring machines and systems, and associated software were not always as accurate as expected. Concepts how to solve it and develop software carrying out these tasks are presented in the article. It is like to withdraw from the old path and look for a new path that will lead to the reliable data base. Processes related to air or gas flow should be similarly defined in all the specialized software applications (e.g. aircrafts and turbine engines). Accuracy (10 -9 mm) achieved in virtual measurements within the integrated system can be used to verify the results of CMM and other measuring systems, provided that an appropriate software has been developed.
Introduction
Over the last two decades, passenger and military aircrafts, became a fully high technology products, and design, engineering, manufacturing of these aircrafts is carried out entirely within integrated CAD/CAM/CAe systems. It should be emphasized that in these systems, all the tasks related to the definition of the geometric shape of the structure are realized by Nurbs geometry concepts. Because this geometry can define all surfaces, and solids that occur in engineering practice, therefore, the software-based identification and optimization of even the most complex shapes have become feasible, at least, by a virtual prototyping approach. There is a meaningful difference, as far as time-consuming factor is concerned, whether an interactive mode is used or program-oriented definition of any engineering problem, described by using a build-in basic system language (e.g. GRIP in Siemens NX system, updated APT, etc.) . Such a programming is becoming the necessary qualification for engineers of high technology products, particularly, when the highest quality, optimization, CNC manufacturing, and reverse engineering are of a primary concern.
The main role in the developed software, needed to solve given tasks, plays the combinatorial-cyclic method of optimization. The structure of subprograms in the method is fit to different area of applications, since one subprogram is treated as target-oriented and defining the objective function as well as selecting either a deterministic model or artificial intelligence model. There has been gathered a considerable experience in the following main areas of applications:
(1) Analysis of all errors in manufacturing processes, even on the most complex surfaces (eg. airplanes, turbines, propellers, car bodies, etc.), moreover, on each stage of CAD/CAM technology; eliminating the necessity of a precise set-up of the part being measured on a CMM table or for scanning system; verifying the accuracy of CMM itself and applied software. The specialized software is of a great importance for effective calculation of dimensional deviations between the virtual product model and the part machined, defined by a cloud of points (even more than 2 million). In assembled physical objects the total error can be divided on errors of surfaces machined and assembling errors.
(2) Design optimization, according to required accuracy of location and orientation of principal axes of inertia or other design objective functions, e.g. minimizing the deviation between principal axis and axis of rotation; optimization of parametric design, where parameters are optimization variables; it enables us to effectively apply reverse engineering techniques (max. number of optimization variables=15). Virtual balancing, as a variety of design optimization, has become a necessity in virtual prototyping of gas turbine engines.
(3) establishing the optimal mathematical formula for interrelationships among variables, based on experimental data or parametric design data; it works as an extension to multiple regression analysis not requiring the linearity. Usually, we can consider additionally 2 nd or 3 rd degree, power or exponential equations.
(4) Solving the equation systems, linear and non-linear, particularly, where the number of unknowns is less than number of equations; mostly applied to analytically defined surfaces ( eg. a sphere, plane, cylinder, cone, ellipsoid, etc.). The method identifies these surfaces and solid bodies with high accuracy from a cloud of points, obtained from coordinate measuring systems. Measuring the reference sphere (30, 50, or 100 points) , we can effectively determine the current accuracy of the CMM.
To achieve higher geometric accuracy of complex shapes, airfoil shapes included, and overall increase in surface quality it is necessary to take full advantage of capabilities available in integrated CAD/CAM/CAe systems as well as in a new generation of CNC production equipment and coordinate measuring machines. It should be remembered that one of the main advantages of Nurbs geometry is that we can easily calculate the shortest distances between points and solid body models, and more importantly, give them signs ‚+' or ‚-', what means -outside-or -inside-of the body. But in this context, if we want to accurately measure the airfoil we have to replace it with the solid body model, even if it is virtual measurement.
Rules for the airfoil analysis and experimental research in aerodynamics were established decades ago, when computer systems, based on Nurbs geometry, were not tools of everyday use for engineers, and therefore, these rules should be revised. These revised rules must provide two main features that could not be guaranteed in the existing computational procedures and practical steps of implementation.
The two main features are: ■ ■ building an accurate CAD airfoil model from the point set, wherein, high accuracy is achieved by the optimization of curves that make up the model surfaces, and then analyzing the CAD model errors by using combinatorialcyclic method of optimization; ■ ■ the ability to accurately verify the geometric errors of the physical model, manufactured by CNC machine tools according to the CAD model, and then measured by coordinate measuring systems.
When the CAD / CAM / CAe system is extended by specialized programs ensuring these two features, then even the geometry of the aircraft, directly from the manufacture or repair, can be geometrically identified by a coordinate measuring. Combinatorialcyclic method of optimization [1, 2] provides computation of the differences in position and orientation of the two systems, the coordinate system of the CAD model and the measurement coordinate system, which, as yet, had been replaced by the time-consuming and geometrically inaccurate set-up of the object being measured. It should be noted that the accuracy achieved with such an approach in the virtual prototyping allows to determine permanent deformations after extreme testing in flight To achieve these new features the addition of a new specialized software for almost all the major modules of the system, is required.
www.atim.media.pl Fig. 1 shows the developed specialized software in different modules of the system to meet the challenges of identifying and optimizing processes in various stages of CAD, CAM and CAe. The new software is presented after sign ‚+'. This software is also generalized in nature and allows by the same definitions to describe computational processes for aircrafts and turbine engines. Of course, the range of applications can be relatively easily extended to other similar products, especially, to those where a reverse engineering and accuracy of complex shapes plays an important role, e.g. airscrews, ships and yachts, cars, satellite dishes, etc.
A revised method of airfoil definitions
When we want to increase the accuracy of the airfoil fitting to the given set of points and also to extend definitions on turbine blades, compressor blades, airscrews, and ship propellers we need to make changes to the previously applied rules in an airfoil design process, airfoil manufacture process, and coordinate measurement of the airfoil shape machined. A new approach for defining the airfoils from the set of points has already been presented in [2] , but in practice, the verification and the need to adapt the airfoils for the turbines and compressors, required significant modification. The contents of current description, though apparently similar, differs in details and in the sequence of steps.
Points, underlying the accurate calculations of airfoils, are derived from the published tables of standardized airfoils (NACA), from airfoils tested in wind tunnels, and, more and more often, from digitization or scanning of real objects, photographs or images on the internet, from available technical documentations or specifications on the internet. Assuming that in this approach coordinate errors of points are inevitable, absolutely the first step must be to reduce to the maximum impact of these errors.
The key to accurately determine the location, orientation and length of the chord and camber line is a calculation of two extreme segments of the given airfoil, i.e. the leading edge and trailing edge segments. The leading edge segment is always the curve of 2 nd degree, mostly circles, but ellipses, parabolas, and hyperbolas are also possible. The trailing edge segment is a line or the curve of 2 nd degree as in the previous edge. The main assumption is that, at first, we start with circles only and compute the first segment of camber line, which also determines the axis of symmetry. Then we go to circles and ellipses, to compute the first segment of the camber line, which is a straight line. The standard deviation gives an indication what is the best fit, a circle or ellipse. It is worth to notice that in a definition of an ellipse, a circle is the specific case only. The procedure can be extended to parabolas and hyperbolas.
As the results of this initial step, we get: ■ ■ a point that marks the beginning of a new X-axis, the beginning of a new chord, the beginning of the first segment of a camber line; this point is so calculated that determines the first segment of the camber line and also the axis of symmetry of the 2 nd degree curve, which was not previously possible for ellipses, parabolas, and hyperbolas;. ■ ■ a point that marks the end of a new X axis, the end of a new chord, the end of the last segment of a camber line; ■ ■ two points of tangency on the leading edge and two points of tangency on the trailing edge (or two intersection points).
If the new X axis is not the same as in the coordinate system of the points, the set of points must be transformed by rotation and translation. So far, there were no such transformations, and errors arising from that, even more than 0.5 mm or 0.5 degree, could not be determined by the coordinate measurement. Now, by applying the method presented in this paper, it is no longer impossible.
After the corrected coordinate system has been established, upper and lower segments of the airfoil are optimized to fit to the transformed set of points. To optimize the airfoil as a whole (four segments), the combinatorial-cyclic method of optimization is necessary.
It is worth noting that all the airfoils consist of four different segments, each of these segments should be a separate curve with clearly defined beginning and end of the segment. each of the four segments is determined from a given set of points, and the number of points can be very different-tens, hundreds, or even thousands.
There are well-defined geometric constraints for particular segments of the profile, resulting from research in aerodynamics and gas dynamics, and determining the approximate number of points required to define the optimal curve for each segment. The key to accurately determine the location, orientation and length of the chord is a calculation of two extreme segments of the given profile, i.e. the leading edge and trailing edge segments. The leading edge segment is always the curve of 2 nd degree, mostly circles, but ellipses, parabolas, and hyperbolas are also possible. The trailing edge segment is a line or two lines or the curve of 2 nd degree as in the leading edge.
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To generalize algorithms for all airfoils, either airplane or turbine and compressor blades, in both segments the starting, ending, and midpoints are precisely calculated. Therefore, the chord must be defined as the straight line joining the midpoint of the leading edge and the midpoint of the trailing edge, and these points may not always be the extreme points of the profile. It is worth repeating that if the starting point of the chord or the angular position of the chord are not exactly in line with the chord established from the set of points, e.g. joining the extreme points , then you need to transform the existing set of points to the coordinate system of the new chord.
The airfoil as the optimal curve can be presented in the Nurbs geometry definition:
where: p, t, d -obtained from the optimization process, p-selected points (e.g.15 to 25 points), t-max. distance between the selected points and curve, d-degree of the upper and lower segments of the airfoil (mostly 3). The method used to optimize the profile curve can be extended to solid bodies of an airplane wing, stabilizer, and fuselage. Also, turbine blades, compressor blades, etc. are optimized by this method, but, of course, the software for an automatic generation of geometric models must be developed. The optimal airfoil with the mean chord length (e.g. 100 mm, 1000 mm or any other) are then parameterized. The main aim of parameterization is establishing the optimal mathematical formula for interrelationships between characteristics of the airfoil and parameters, e.g. c l or c d as a function of p(1..n). It is possible, to read parameters from the airfoil and, inversely, to build the airfoil from parameters. The airfoils can be divided into classes, depending on the specific properties of airfoils or standard length of the chord. Usually, for increasing the accuracy of the calculation of aerodynamic characteristics, e.g. c l , c d for all airfoils resulting from scaling the basic airfoil.
Of course, the complete and reliable database enables to develop the software simulating a wind tunnel. Instead of manufacturing a physical model of airfoil shape for a wind tunnel, it is possible to predict c d and c l from airfoil parameters. The detailed procedure has been presented in the paper [2], but after have gathered some databases, it turned out that some modifications and extensions are required.
Successes of CFD software encourage to a new approach to aerodynamic research, particularly, to problems hitherto unsolved. The unified method for all airfoils, i.e. of wings, stabilizers, longitudinal section of an aircraft fuselages, turbine blades, compressor blades, airscrews, etc.makes it easy to extend the application of wind tunnel research. Before we start the wind tunnel research, we have to know accuracy of the designed CAD model and accuracy of the CNC machined physical model. 
Fig. 3. Printout from the program showing the outline of algorithms for the general conic optimization, i.e. for both edges of the airfoil. The middle point and two boundary points (tangency points) are also computed in the program
Points for design and points from CMM measurement are the base for computing sigma, as the error measure. It is especially important when the geometric CAD model has not been defined in the same system as the CNC program. A generalized geometric identification of all airfoils in use, is presented graphically on the example of an airplane airfoil and the airfoil of a turbine blade, fig.2 . A thin airfoils of airplanes and airfoils of compressors actually differ only in leading edge radii and thickness in relation to two airfoils presented, but the leading and trailing edges have a significant impact on the chord. A geometrically accurate airfoil, optimized in relation to a set of points, is an essential condition for the transition to solve other tasks, carried out by the dedicated software.
It is recognized that almost always when we get an airfoil as a cloud of points, we have no certain information about the precision with which the X-axis of measurement system coincides with the airfoil chord .To indicate the validity of the problem www.atim.media.pl of airfoil accuracy, the most important aspects have already been presented in the Introduction above. Circles, ellipses, parabolas or hyperbolas are computed from 15 to 30 points taken from the area around both edges.
The results of iterative computations with the ever decreasing number of points are as shown in the printout after each run with a new number of points from e.g.30 to 5. Therefore, to minimum 5, because the curves of second degree are defined as general conics, fig. 3 . This is actually the first step in identifying the leading edge and, in particular, to determine the angle of the first segment of camber Similarly, it can also be shown the optimization of the airfoil as one NURBS curve, linking together three segments, i.e. the segment of leading edge with upper and lower segments. The results of combinatorial-cyclic method are printed in paper [2] . Airfoil geometry has been optimized as CAD solid body model. Precise identification of the airfoil geometry means that the geometrical model requires only the development of a tool path for CNC milling machines with 3-or 5-axis controlled. The presented sequencing gives a very large guarantee, that we can achieve a high accuracy and repeatability, assuming that we proceed within the integrated system.
Accuracy of CAD models and CNC machined parts, and developed CAQ extensions for assemblies
CAD model surfaces shaped for air or gas flow around, could not be measured, so far, that it was clear that each point of the measurement is above or below the concerned surface. Introducing the combinatorial-cyclic method to the CAQ module allows it. Analysis of errors is carried out both for the CAD model and physical object machined. even the surfaces of analytic geometry as spheres, general cones, slanted cylinders can be used to test the accuracy of the hardware and software of CMM used.
In the paper [2] we presented the wide range of goals, which could not be fully achieved, because of errors in an early stage of the research. Parametric design is necessary for an optimization but even optimized model cannot be manufactured by any standardized machining processes. Some CAD models for wind tunnel tests (e.g. airplane fuselage, wings, blades) should be, if possible, machined according to the direction of air flow. experiences from these approach necessitated adjustments in specialized software, and it is introduced below.
This way of presenting the results is a standard for the combinatorial-cyclic method of optimization, which was applied to the analysis of coordinate measurement of F-16 airplane model, designed for research in a supersonic wind tunnel. There is not known any other method that would result in an accurate calculation of the surface errors from hundreds, or even hundreds of thousands, of points from coordinate measurement (CMM) of the physical object (3D). Surface errors, measured at a given points, are obtained after the CAD model (which is the base for the CNC program) has been positioned inside the set of points, so that the sum of squared distances from all points of measurement to the surface reached minimum. effective visualization of errors on the measured surface is only possible because each rotation and translation of the CAD model in relation to the points changes visible points and its colors. Of course, the colors represent error values into and out of the material. Reading the text with detailed documentation takes more time, but, in general, it is essential in practice.
Previously, it was possible to only measure the distance between the characteristic points of the design, which could be a large number, but it is not comparable to what is currently giving digitizing or scanning the surface of the design. For example, to identify the sphere meant coordinates of the center and the radius of the sphere. For this, it was enough 4 to 10 CMM points, but when these points was 100 or more, we had no effective mathematical tools to determine the surface errors. It must be remembered that the arithmetic mean is not a good criterion, but the accepted criterion is the minimum sum of squares and resulting from that sigma.
It should be emphasized that the combinatorial-cyclic method eliminated the need to set the object to be measured in accordance with the coordinate system of the CAD model, which accounted for over 50% of the time-consuming process of measurement, and the measurement involved only, a dozen or more, specific points or sections of the design. The method can also be used when the object as a whole must be measured with different reference points, i.e. with different origins of the coordinate system for the measurement. The same problems are also present in these technical objects like airliners (Boeing, Airbus), gliders, helicopters (Sikorsky), car body dies, turbine and compressor blades, yacht hulls, hip replacements, reflectors and satellite dishes, etc. For these objects, this method has been used and modified since 1998.
Attention must be drawn that not only the outer surface of the airplane has a lot of surfaces composing the whole, which are machined separately and then assembled. Car body outer surface is composed of, at least, 11 surfaces, which are pressed by different dies, and dies, generally, do not produce sheetmetal with the same accuracy. If we want to achieve a drag coefficient c d <0.30, we need to test the model of the car in the wind tunnel, and before that check the accuracy of the model. Very often this requires that the complex coordinate measurements are performed on work surfaces of dies to accurately determine the shape errors. Determining the differences between the sheet metal surfaces and working surfaces of dies allows to compute springback errors, as indeed it was the first field applications of combinatorial-cyclic method.
Before we use the geometric CAD model in the CAM module, in order to prepare CNC machining program, first we should also analyze CAD model errors, except that the base of comparison is then the same points that were used to define the model. Scaling errors or other size errors can be corrected. The final inspection of CAD solid body model is the mass analysis, where we check if model is not encumbered by a serious mass distribution errors, which could then be transferred to programs for CNC milling machines. The most important is whether the center of mass is in the plane of symmetry of the solid body model and whether the two principal axes of inertia are in the plane of symmetry, and whether one of these axes, at least with the permissible error, coincides with the principal axis along a fuselage in right-hand coordinate system.
Coordinate measurements were made in one setup with possibility to group points:
(1) F-16 model as a whole, (2) the center and rear fuselage, (3) the front fuselage with the cockpit and nozzle inlet,(4) wings as a whole, right and left, (5) the right wing, (6) the left wing. First and foremost is the error analysis of the model as a whole, and it means that we sum up the machining errors and assembling errors of all components. It was not until the next steps we submit further analysis of surfaces (2, 3, 4, 5, 6 ) that make up the model. This increases the time-consuming research, but also the results of these analyzes are crucial to assess the reasons for the resulting errors, and allows the separation of the surface errors from the assembling errors of parts that make up the multi part object, which is the airplane model.
In the technical metrology a measure of error is the standard deviation sigma and 3 * sigma. Since the central and rear fuselage are the one part of the model to which are mounted the front fuselage and wings, so it can be assumed that the errors sigma and 3 * sigma of this part are 100%, and in relation to this part are measured translations and rotations of all other parts, which are assembling errors.
In the case of a milling the part in one setup on the CNC milling machine, sigma is a measure of the surface errors arising from the quality and accuracy of the machine, CNC program quality, but so far these errors were measured in selected sections of the part machined. In current approach the part machined is measured and then compared with the CAD model throughout its volume. errors resulting from failure to accurate setup of the part in relation to the coordinate system of the model also affect the assembling errors.
Of course, each integrated CAD / CAM / CAe system accomplishes the modeling and manufacturing within the CAD and CAM modules and never redefines the geometric model, from which the CNC program is developed. After any change of the model all optimization analyses must be repeated.
The analysis takes into account errors that the model is composed of many parts machined separately and comparative analysis of these parts is given in the table as a sigma / sigma fuselage (2).The short comparative analysis of parts within the airplane assembly model has been shown in Tab.1.
In order to fully understand all of the errors in the CNC machining and in the assembling the model, it is necessary to present an analysis of the errors in the various parts that make up the model. It only indicates the cause of errors.
Assembling errors in relation to fuselage (2)
(1) F-16 model as a whole (2) dx=101.1733-x(2)=-0.1833mm dy=-188.2687-y(2)=0.0022mm dz=-1.9083-z(2)=-0.0863mm dalfa_x=0.6686-alfa_x(2)= 0.0234 degree dbeta_y=-3.2725-beta_y(2)=0.0765 degree dgama_z=-0.0575-gama_z(2)=0.0169 degree (3) Front fuselage dx=100.8614-x(2)=-0.4952mm dy=-188.4025-y(2)=-0.1316mm dz=-2.0163-z(2)=-0.1943mm dalfa_x=0.6358-alfa_x(2)=-0.0094 degree dbeta_y=-3.3172-beta_y(2)=-0.0682 degree dgama_z=-0.0110-gama_z(2)=0.0634 degree
Summary of the results of error analysis

Closing remarks on computed results
Validation and verification of the method is carried out as follows: ■ ■ around 1000 points are measured on the CAD model surface using system tools, the same as in the virtual coordinate measurement; ■ ■ the points are subjected to transformation in the space; ■ ■ the applied combinatorial-cyclic method identifies the transformation, i.e. translation and rotation around the axis of the model system, and the resulting standard deviation sigma = 0, namely 0.00000000, i.e. (10
), since this is the accuracy of Siemens NX7.5 system.
Rules applied to the analysis of CMM measurements of airplane models can also be used to other multi-part objects (assemblies) in full scale. Of course, the full scale of the object often means that we cannot use coordinate measuring machines (CMM) but laser measuring systems with larger measurement errors.
Verification of results of CMM measurement by the virtual measurement, as described above, confirmed the results for all parts from which has been assembled the model.
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Conclusions
In recent years, almost all achievements in aircraft technology are connected with the development of a new class of specialized software. This software is built mostly in languages relevant to a particular engineering system, specific to the industry. These languages are derived from Fortran and C + +, but for engineering applications are much more efficient. Still, the software is never 100% reliable and requires constant testing and modifications. Thus, in the present study was paid so much attention to the results of the verification and testing After all, even in the most modern aircraft we often encounter failures, resulting from the operation of the software.
